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Escudier R and Tintoré J (2024) Capability of
the Mediterranean Argo network to monitor
sub-regional climate change indicators.
Front. Mar. Sci. 11:1416486.
doi: 10.3389/fmars.2024.1416486

COPYRIGHT

© 2024 Chevillard, Juza, Dı́az-Barroso, Reyes,
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The Argo array of profiling floats has considerably increased the observing

capability of the three-dimensional global ocean and the knowledge of the

ocean response to climate change. In particular, the Argo sampling has allowed

observing relevant ocean indicators over the whole Mediterranean Sea especially

during the last decade. In this study, the Mediterranean Argo network is

comprehensively described from its spatio-temporal coverage to its capability

to observe ocean monitoring indicators at sub-regional scale. For this purpose,

the Argo array, as a non-interpolated product of profiles, is used to estimate the

ocean heat and salt contents integrated within the upper, intermediate and deep

layers over the period 2013-2022 in the different sub-regions of the basin. The

same computational method is also applied to a model reanalysis product to

estimate the impact of sampling of the sole Argo array. The sampling error is

defined at sub-regional scale by comparing estimations from the whole model

grid (full-sampled model) and from the Argo-like sampled model grid (sub-

sampled model). Warming and salinification trends are well captured by the Argo

array over the period of study, warming trends being the highest in the sub-

regions of the western Mediterranean Sea from surface to depth and

salinification trends being higher in the eastern sub-basin for the upper layer

and in the western sub-basin for the deeper layers. This study also demonstrates

the capability of the Argo array to capture local ocean structures and dynamics

(e.g. anticyclonic and cyclonic gyres, intermediate and deep convection events

and Atlantic Water inflows) and to account for their impact in the sub-regional

variability of ocean heat and salt contents in the upper, intermediate and deep

layers from seasonal to interannual scales. Considering these structures is

fundamental for the understanding of the thermohaline circulation and

changes observed in the Mediterranean Sea, and thus for future climate studies.
KEYWORDS

Argo floats, observing capability, sampling error, ocean heat and salt contents,
Mediterranean Sea
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1 Introduction

In the last decades, the Earth system has been accumulating heat

due to the increasing anthropogenic greenhouse gases emissions

(WMO, 2022). Around 90% of the excess of heat accumulated is

absorbed by the ocean (Rhein et al., 2013; von Schuckmann et al.,

2020), and the ocean heat content (OHC) has been the highest on

record in 2022 (Cheng et al., 2023). Ocean warming significantly

impacts the physical, biogeochemical and biological properties of the

ocean whose changes directly affect human-being through negative

impacts on food security, water resources and health, and increased

exposure to climate-related hazards such as tropical cyclones,

floodings or marine heat waves (Hoegh-Guldberg et al., 2018;

Smith et al., 2021; Cooley et al., 2022). In the search for a better

understanding of the changes that the ocean is facing, the

Mediterranean Sea is of strong interest since it is a semi-enclosed

basin particularly affected by climate change effects (Giorgi, 2006;

Lionello and Scarascia, 2018) and is responding to global warming

and changes in freshwater inputs more strongly than the open ocean.

More precisely, its surface warming rate is approximately two to three

times higher than the one of the global ocean with a basin-averaged

trend of 0.038 ± 0.002°C/year over the period 1982-2020 (Juza and

Tintoré, 2021) and marine heat waves have been substantially

increasing in intensity, duration and frequency in the region over

the last four decades (Juza et al., 2022; Dayan et al., 2023). Such

changes and impacts are not restricted to the surface and propagate

into the ocean interior (Fedele et al., 2022; Juza et al., 2022; Dayan

et al., 2023; Kubin et al., 2023). The Mediterranean Sea is also an

evaporation-dominated region where evaporation is increasing

(Jordà et al., 2017; Skliris et al., 2018) and for which a further

decrease in precipitation is projected in the 21th century (Giorgi

and Lionello, 2008; Sanchez-Gomez et al., 2009). Finally, this

marginal sea can be considered a small-scale ocean (Robinson

et al., 2001) where physical processes found in the global ocean

also occur (Tintoré et al., 2013; Malanotte-Rizzoli et al., 2014) with

shorter turnover timescales (Schroeder et al., 2016) making this

region an ideal basin for climate change assessment.

The existing observing and modelling systems in the

Mediterranean Sea have enabled the detection of warming and

salinification trends over the last decades. Satellite and numerical

simulations have shown significant increases of sea surface

temperature over the whole basin (Pisano et al., 2020; Juza and

Tintoré, 2021; Juza et al., 2022) and of the upper ocean salinity, in

particular within the eastern sub-basin (Juza and Tintoré, 2021;

Aydogdu et al., 2023). Multi-platform in situ observations from

moorings, oceanographic campaigns, profiling floats and gliders

have also detected the warming and salinification of the

intermediate and deep layers addressing specific areas such as the

south-western Mediterranean (Borghini et al., 2014; Schroeder

et al., 2016), Sicily Channel (Schroeder et al., 2017), north-

western Mediterranean (Margirier et al., 2020), Gulf of Lion

(Houpert et al., 2016), Balearic Sea (Juza et al., 2019; Vargas-

Yáñez et al., 2020, 2021), western Levantine (Taillandier et al.,

2022) and Levantine basin (Ozer et al., 2017).

To address the impact of climate change on the three-dimensional

ocean over the whole Mediterranean Sea, Argo profiling floats are a
Frontiers in Marine Science 02
crucial component of the ocean observing systems (Roemmich et al.,

2019). The Argo Program has deployed and maintained the array for

more than two decades over the global ocean, collecting vertical

hydrographic profiles of physical and biogeochemical ocean

properties in the water column (Roemmich et al., 2019). Previous

studies have shown that OHC computed from Argo measurements

allows monitoring the state of the global ocean and its changes (von

Schuckmann and Le Traon, 2011; von Schuckmann et al., 2014, 2023).

In the Mediterranean Sea, recent studies have addressed the long-term

variations of OHC or integrated salinity using reconstructed products

based on mapping techniques incorporating Argo floats, sometimes

combined with other sources of data (Skliris et al., 2018; von

Schuckmann et al., 2019; Kubin et al., 2023). In the cited papers, the

authors computed (sub-)basin-averaged trend estimates in the

Mediterranean, western and eastern sub-basins, and/or addressed

specific sub-regions.

Although the Argo array has played a crucial role in the

understanding of ocean changes, a sound interpretation of Argo-

derived estimations requires a careful estimation of associated

errors such as the measurement noise, systematic instrumental

biases, sampling error, data processing errors, including the effect

of unresolved ocean variability scales (Lyman et al., 2010; von

Schuckmann and Le Traon, 2011). In the Mediterranean Sea, while

the instrumental biases are managed through more systematic

calibration and improved quality-control procedures, the

estimation of Argo sampling errors has not been specifically

addressed. Moreover, this marginal sea is a complex basin in

terms of ocean dynamics, diversity of ocean processes,

bathymetry and coastlines, inducing strong spatial variations of

ocean variables and indicators (Malanotte-Rizzoli et al., 2014;

Tintoré et al., 2019; Juza and Tintoré, 2021), and thus making the

estimation of sampling errors fundamental. To properly estimate

the ocean variability as well as the associated errors and

uncertainties, the Mediterranean Sea requires to be divided into

different sub-regions (Juza and Tintoré, 2021; Fedele et al., 2022;

Juza et al., 2022).

This study proposes a comprehensive assessment of the Argo

array capability to observe key climate change indicators in the

whole Mediterranean Sea at sub-regional scale from the surface to

the deep layers and from seasonal to interannual timescales. The

implemented methodology is applied to the Argo array (as a non-

interpolated product of profiles) to avoid the introduction of

processing and interpolation errors through mapping techniques.

OHC and ocean salt content (OSC) estimations and variability are

jointly analyzed over the period 2013-2022 ensuring a consistent

amount of Argo profiles to provide robust statistics in the different

sub-regions of study. In addition, the analysis from seasonal to

interannual scale enables the detection of events and mesoscale

structures as well as the estimation of their contribution to long-

term changes. The spatial and vertical connectivity in ocean

dynamics is then investigated through the correlation analysis

between OHC and OSC, between the sub-regions and between

the upper, intermediate and deep layers. Finally, since the Argo

array is not evenly distributed in space and time, the impact of

sampling is examined using model data from reanalysis and

comparing the full-sampled and sub-sampled (like Argo) outputs.
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This paper is organized as follows: section 2 provides a detailed

description of the Argo floats network in the Mediterranean Sea, in

particular its spatial, vertical and temporal coverage at sub-regional

scale. Section 3 describes the complementary data and methodology

applied. The variability of OHC and OSC in the different layers at

seasonal scale along with linear trends over the period of study are

analyzed in section 4. Finally, the results are discussed and

perspectives are proposed in section 5.
2 Mediterranean Argo network

2.1 Hydrographic profiles

Argo profiling floats collect vertical hydrographic profiles in

repeated up and down cycles over the global ocean. In the

Mediterranean Sea, during a cycle, floats generally park at a target

pressure of 350 dbar, drift with the ocean currents during five days

and finally descend up to 2000 dbar - when bathymetry is deep

enough - before going up to the surface and collect a profile of

physical and biogeochemical properties during the ascent (Poulain

et al., 2007; Roemmich et al., 2019). In addition, sensors are switched

off at around 5 dbar during ascent to avoid contamination of the

conductivity cell at the surface (Wong et al., 2020).

For every float, files with profile data are sorted by data mode

(Argo, 2022). The real-time (RT) profile files are available within 12 –

24 hours after the float completes its cycle. The delayed-mode (DM)

profile files are generally available one or two years after collecting the

profile when they have been validated and corrected by oceanographic

experts. Indeed, the data delivered in RTmay be affected by sensor drift

whereas the DM files are visually examined by experts (Roemmich

et al., 2019). The parameters are also quality-controlled, assigning a

quality control (QC) flag (Argo, 2022; Wong et al., 2023). DM profiles

flagged as good data with QC=1 (DMQC) are recommended for

scientific study by the international Argo community (Roemmich and

Gilson, 2009; Roemmich et al., 2019; Argo, 2022).
2.2 Data selection

In the Mediterranean Sea, 184 Argo floats have collected pressure,

temperature and salinity (P, T, S) profiles since they started to be

deployed in the region in 2001. Their trajectory can be visualized

through the Argo Data Selection Tool1, and their associated data files

downloaded through the Coriolis Global Data Assembly Centers FTP

(Cabanes et al., 2021). The initial dataset is composed of 77.259 (P, T, S)

profiles in the Mediterranean Sea from 2001 to 2022. The time series of

the number of profiles for different data modes is displayed in Figure 1

for the western and eastern Mediterranean Sea (WMed and EMed,

respectively). In this study, WMed refers to the Alboran, Algerian,

Balearic, Ligurian, Tyrrhenian and Sicily sub-regions, and EMed to the

Ionian, Adriatic, Cretan, Aegean and Levantine sub-regions (Figure 2).
1 https://dataselection.euro-argo.eu/.
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The temporal evolution of RT and DM profiles shows similarities

between WMed and EMed until 2019 while for the last years (2020,

2021 and 2022), the number of DMprofiles remains high in theWMed

and decreases in the EMed. The use of the Python software Argopy2

(Maze and Balem, 2020) facilitates the first steps of data processing and

visualization. In this work, DM profiles (70% of all profiles) with QC=1

for (P, T, S) parameters (77% of the DM profiles) are considered. As a

result, over the period 2001-2022, the dataset is composed of 41.859

DMQC profiles (54% of the initial dataset).
2.3 Sub-regional observing capability

In this study, sub-regions have been defined (Figure 2) in line with

Fedele et al. (2022), to consider ocean dynamics of the Mediterranean

Sea (Manca et al., 2004), ocean warming variations (Juza and Tintoré,

2021; Juza et al., 2022) and the spatial coverage of Argo profiles,

maximizing the number of available observations in each sub-region.

First, the initial years 2001 to 2004 are removed since the number of

profiles is small (Figure 1) and some sub-regions are not sampled. The

dataset is now composed of 41.219 DMQC profiles from 2005 to 2022.

In most sub-regions, the number of annual profiles sharply increases

from 2013 and becomes more than twice the value over the previous

period 2005-2012 (Figures 1, 3). To ensure the spatial and temporal

sampling consistencies, the period 2013-2022 is chosen for the study,

beginning later than in previous studies using Argo floats in the

Mediterranean Sea (e.g. 2001-2019 in Fedele et al., 2022; 2005-2020

in Kubin et al., 2023). The Aegean Sea and Sicily Channel remain

strongly under-sampled and thus are not considered in this study. The

Adriatic Sea, Cretan passage and Alboran Sea contain fewer

observations than other sub-regions but are kept for the analysis

when enough data are available. The study at sub-regional scale can

be conducted where the number of profiles and coverage are sufficient

to compute robust statistics and reduce the sampling error in the

estimations of climate indicators. Thereby, the final Argo dataset used

in this study is composed of 32.642 DMQC profiles in the

Mediterranean Sea collected from 2013 to 2022 (Figure 2A).

The characteristics of the upper and deeper monitoring depths

of DMQC profiles are also considered (Supplementary Figure 1). At

the surface, 61% of profiles over the whole basin start before 5 m

while 97% start before 10 m. Because of this Argo vertical sampling

scheme, the upper 10 m of the Mediterranean Sea is under-sampled

by the Argo network and will not be studied here. Regarding the

deep layer, the bathymetry of the Mediterranean Sea reduces the

number of profiles reaching the deep ocean (Figure 2B). More

precisely, 33, 30, 27 and 25% of profiles reach the depths of 1200,

1500, 1700 and 1900 m, respectively (Supplementary Figure 1). The

bottom depth of 1500 m seems to be a good compromise between

the number of profiles available and reaching the deeper parts of the

ocean in most sub-regions. The Alboran and northern Adriatic Seas

will be excluded from the deep ocean studies due to their relatively

shallow bathymetry (Figure 2B).
2 https://argopy.readthedocs.io/en/latest/.
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3 Methodology

3.1 Complementary data

3.1.1 Model reanalysis product
This study also uses T/S profiles from the Mediterranean Sea

Physical reanalysis product (Escudier et al., 2020, 2021), distributed

by the Copernicus Marine Service3. This product is computed using a

numerical system composed of a hydrodynamic model, supplied by

the Nucleus for European Modelling of the Ocean (NEMO), coupled

with a variational data assimilation scheme (OceanVAR) that ingests

temperature and salinity vertical profiles as well as satellite Sea Level

Anomaly in the Mediterranean Sea. Atmospheric forcings come from

ERA5 reanalysis dataset and SST satellite observations are used to

correct heat fluxes in the numerical model. Temperature and salinity

3D fields are available at a daily resolution over the period 1987-2022

on a grid with a horizontal resolution of 1/24° and 141 unevenly

spaced vertical levels. This dataset has been validated showing good

performance compared to observations and other reanalyses

(Escudier et al., 2016, 2021, 2022).

3.1.2 Regional climatology
The regional SeaDataCloud Temperature and Salinity Climatology

for theMediterranean Sea (Simoncelli et al., 2020a, 2020) is also used to

estimate anomalies of hydrographic properties. The product contains

monthly temperature and salinity climatologies for the Mediterranean

Sea that were computed from an integrated Mediterranean Sea data set

combining ocean measures from SeaDataNet and Coriolis databases.

In this study, monthly fields of interpolated data into a regular grid of

1/8° spatial resolution with 92 vertical levels from surface to 5.000 m

depth over the period 1985-2018 are used.
3 https://marine.copernicus.eu.
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3.2 Ocean heat and salt contents

OHC and OSC are relevant integrated quantities to monitor

and estimate climate change impacts on the three-dimensional

ocean (von Schuckmann et al., 2020; Juza and Tintoré, 2021;

Cheng et al., 2023; von Schuckmann et al., 2023). They are

defined as the following equations (von Schuckmann et al., 2009;

Juza and Tintoré, 2021) and expressed in GJ/m2 and Mg/m2 in the

study, respectively:

OHC =
Z z2

z1
ϱ0 * Cp * 0 * dz                    ;                    OSC =

Z z2

z1
ϱ0 * S * dz

with the potential density of seawater r = 1030 kg/m3 and the

specific heat capacity Cp = 3980 J/kg/°C, z1 and z2 being the lower

and upper limits of the layer depth, q the potential temperature of

seawater in °C and S the practical salinity of seawater in g/kg

(Feistel, 2012).

In this study, three vertical layers are chosen to compute OHC

and OSC from the available T/S profiles. The upper layer is defined

from 10 to 150 m, corresponding to the euphotic zone in the

Mediterranean Sea, where ocean life is mainly concentrated

(Lavigne et al., 2015). This layer also strongly interacts with the

atmosphere and is characterized by the presence of the Atlantic

Water (AW) (Juza and Tintoré, 2021). Below, the intermediate layer

is selected from 150 to 700 m, where the intermediate water masses of

the Mediterranean Sea are found (Millot, 1999). It is important to

note that the major fraction of heat is stored in the upper 700 m of the

world ocean (von Schuckmann et al., 2023) and two thirds of the

change in OHC occurred in this layer over the period 1955-1998

(Levitus et al., 2005). For these reasons, 700 m is also the bottom

depth chosen for the Copernicus Marine Service Ocean Monitoring

Indicators (von Schuckmann et al., 2019). Finally, the deep layer goes

from 700 to 1500 m. The limit values of 10 and 1500 m are selected

according to the vertical sampling characteristics of the Argo network
FIGURE 1

Annual number of DM (RT) profiles from 2001 to 2022 in the WMed and EMed, in green and blue (red and orange), respectively.
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described in section 2. As such, OHC and OSC are computed for a

given profile when a valid value is available above and below the

limits of the layer to avoid any extrapolation. Also, since no vertical

interpolation is performed, profiles must satisfy the condition that the

maximum distance between two consecutive profile points is smaller

than 50 m (Juza et al., 2012; Juza and Tintoré, 2021).

Finally, OHC is computed using potential temperature. Although

no impact is observed in the upper layer, the use of measured

temperature would engender a slight overestimation in OHC of

approximately 0.15 and 0.55 GJ/m2 in the intermediate and deep

layers in all sub-regions, respectively, representing approximately 0.5

and 1.3% of the mean OHC value in the layer, without impact on the

OHC variability.
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The OHC and OSC anomalies (OHCA and OSCA, respectively)

are also computed to estimate trends with respect to the

SeaDataCloud climatology product (described in section 3.2).

They are defined as follows (von Schuckmann et al., 2009):

OHCanomaly = ∫z2z1 ϱ0 * Cp * (q − qclim) * dz; 

OSCanomaly = ∫z2z1 ϱ0 * (S − Sclim) * dz

with qclim and Sclim being respectively q and S from the

climatology at the closest point to the position of the Argo profile

and vertically interpolated onto the levels of the Argo profile. A

temporal interpolation is carried out to get the monthly climatology

data at the date of the corresponding Argo profile.
FIGURE 2

(P,T,S) DMQC Argo profiles (blue dots) in the Mediterranean Sea over the period 2013-2022 with the sub-regions of study and bathymetry contours
at 200 m (magenta) (A). DMQC profiles going down 1200 m over 2013-2022 with bathymetry contours at 1200 m (green), 1500 m (orange) and
2000 m (red) (B).
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3.3 Statistical approaches

3.3.1 Seasonal time series
To have a reasonable number of profiles in the different sub-

regions, the estimations of OHC and OSC are done seasonally. The

seasons are defined as follows: winter (January, February, March),

spring (April, May, June), summer (July, August, September) and

autumn (October, November, December). The seasonal time series

are built computing the median of the seasonal distributions of

OHC and OSC for each sub-region and each layer. They are

referred to as 〈 fA(l, r, s) 〉 where fA(l, r, s) is the Argo distribution

of OHC or OSC in layer l, sub-region r and season s, and 〈 : 〉 the
median operator. The median value has been preferred to the mean

value since distributions tend to deviate from normality (Vargas-

Yáñez et al., 2020; Juza and Tintoré, 2021) and it allows reducing the

influence of sporadic values (Juza and Tintoré, 2021). The 17th and

83th percentiles are also computed to provide complementary

information about the distribution’ shape.

This approach avoids the introduction of mapping errors

related to interpolation processes, which is one of the main

sources of errors in OHC computation (Lyman et al., 2010). Also,

part of the observational information can be lost during the
Frontiers in Marine Science 06
mapping process (Juza et al., 2012). The proposed method

therefore provides useful objective information about the Argo

network and the impact of sampling without further assumptions,

which may beneficially complement the outcomes of mapping-

based and more sophisticated methods (Juza et al., 2012).

Basic statistics are then computed to analyze the observed

seasonal OHC and OSC time series: the mean, standard deviation

and Pearson correlation coefficient (Murphy, 1995).

3.3.2 Linear trends
Linear trends are computed over the period 2013-2022 using a

linear least square fit on the sub-regional seasonal time series of OHCA

and OSCA. Anomalies are used since they allow removing the seasonal

cycle as well as some extreme values due to the Argo sampling in

recurrent small oceanic features. Considering the seasonal time series

rather than annual time series also allows keeping enough data points

to reduce the uncertainty in the linear regression. Indeed, the seasonal

cycle could also be removed working with OHC/OSC mean annual

values as done in previous studies (Lyman and Johnson, 2008; Fedele

et al., 2022; Kubin et al., 2023), but the number of points would be

reduced to 10 (years), against 40 (seasons during 10 years) with

seasonal time series. Trends are expressed in W/m2 for OHCA, as
FIGURE 3

Annual numbers of profiles from 2005 to 2022 in the sub-regions of WMed (A) and EMed (B).
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commonly used in the literature, and in kg/m2/y for OSCA, and are

given with the associated confidence intervals at 95%. The trend

uncertainty is computed taking into account the effective number of

degrees of freedom of the timeseries (Chelton, 1983). Considering the

serial correlation of the data is necessary since environmental data are

often autocorrelated and the hypothesis of independent data could thus

lead to an underestimation of the trend uncertainty. According to

probability theory, a trend is considered significant with a probability of

95% if at least twice higher than its uncertainty (Mieruch et al., 2008).
3.4 Sampling error estimation

The temporal and spatial distribution of the Argo array can

introduce errors in OHC and OSC estimations (Lyman et al., 2010;

von Schuckmann and Le Traon, 2011; Juza et al., 2012). In this

study, this impact is evaluated using numerical model reanalysis

data (section 3.1.1). Here, the seasonal OHC and OSC time series

are computed using the same method as described in 3.3.1

but applied to the daily T/S profiles from the model. Time

series < fm(l, r, s) > are computed from the model considering the

whole model grid (full-sampled model) and from the Argo-like

model considering T/S profiles interpolated at the Argo location,

date and vertical levels (sub-sampled model; Juza et al., 2012). The

sampling error e(l, r, s) on variable f (OHC or OSC) is then defined

for each layer l, sub-region r and seasonal time step s as:

e(l, r, s) =< fsub−sampled
m (l, r, s) > − < ffull−sampled

m (l, r, s) >

Classical statistics are then used to evaluate the impact of the

sampling error in a given sub-region and layer. The mean error

(ME) and root mean squared error (RMSE) (Murphy, 1995) are

defined on variable f for each layer l and sub-region r as follows:

ME(l, r) = means(e(l, r, s));          RMSE(l, r)   =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
means(e(l, r, s)2)

q

The sampling error d (l, r) on Argo trend estimates wA is also

evaluated. Linear trends wm are computed from the full-sampled and

sub-sampled model time-series, and the bias error due to sampling on

trend estimate wA is defined for each layer l and sub-region r as:

d (l, r) = w sub−sampled
m (l, r) − w full−sampled

m (l, r)

Thus, the error due to the temporal, horizontal and vertical

sampling of Argo floats will be evaluated for both seasonal

variability (e) and trends (d ).
4 Results: sub-regional ocean heat
and salt contents

4.1 Seasonal variability

4.1.1 Upper layer 10-150 m
In the upper 10-150 m layer, OHC variations are characterized

by a strong seasonal variability, with higher values in summer-

autumn and lower values in winter-spring in all sub-regions
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(Figure 4) while for the upper OSC variations, there is no visible

seasonal cycle (Figure 5). The upper layer is warmer and saltier in

the EMed sub-regions (Ionian, Adriatic, Crete and Levantine) with

higher mean values of OHC and OSC over the period 2013-2022

than in the WMed sub-regions (Alboran, Algerian, Balearic,

Ligurian and Tyrrhenian). The dynamics driving the upper layer

variability vary between sub-regions. Atmospheric forcing globally

plays an important role at seasonal and sub-regional scale. The

Ligurian basin is the coldest sub-region with an OHCmean value of

8.27 GJ/m2, which can be explained by the strong winds which

generate low temperature at the surface, especially in winter and

early spring (Estournel et al., 2003). The observed minima of OHC

associated with maxima of OSC in winters 2013 and 2018 are

related to the severe winter conditions which generated cold surface

waters and high evaporation leading to deep convection events

(Houpert et al., 2016; Juza and Tintoré, 2021). The Levantine basin

is the warmest sub-region in the upper layer with an OHC mean

value of 10.35 GJ/m2, related to the strong SST values in the area

(Pisano et al., 2020; Juza and Tintoré, 2021). These high SST values

also cause strong evaporation (Schroeder et al., 2017) making the

upper layer of the Levantine basin the saltiest sub-region of the

Mediterranean Sea, with an OSC mean value of 5.64 Mg/m2. Also,

the high OHC values observed in the Levantine basin in spring 2018

or in the Algerian basin in winter 2020 are related to high sub-

regional SST values (Juza and Tintoré, 2021). The upper ocean

variability in the south WMed sub-regions is also driven by the

entrance of AW at the Strait of Gibraltar which is characterized by

warmer and less saline waters when entering the Mediterranean Sea

(Schroeder et al., 2016). The lowest mean value of OSC is thus

observed in the Alboran Sea (5.41 Mg/m2) where the OHC and OSC

variability is negatively correlated (-0.76). The signature of recent

AW in OHC and OSC values is particularly strong in autumn 2017

in the Algerian and Balearic sub-regions. These observations are in

agreement with glider sections in the Mallorca and Ibiza Channels

which observed strong AW inflows in 2017 (Juza and Tintoré,

2020, 2021).

The analysis of the sub-regional variability needs to be

interpreted carefully since it may depend on the sampling of Argo

floats. More precisely, the observation of some extreme values can

be due to the location of the floats in specific areas without being

representative of the dynamics of the whole sub-region. This is

particularly the case in the EMed sub-regions, where high OHC

variability is observed by Argo floats in the upper layer especially in

the Levantine basin, which is mainly due to the complex dynamics

of the region (Özsoy et al., 1993) combined with the impact of Argo

sampling. Indeed, the EMed is characterized by the presence of

important mesoscale structures such as anticyclonic and cyclonic

gyres. They can explain the strong minimum of OHC observed in

winter 2019 in the Levantine basin when all floats were located

inside the Rhodes cyclonic gyre, bringing colder waters to the

surface, or the high OHC and OSC values observed in autumn

2018 in Crete when all floats sampled the lerapetra anticyclonic

gyre, bringing heat and salt at depth (Supplementary Figure 2). The

influence of Argo sampling on extremes can also be observed in the

Ligurian sea in autumn 2018, when the maximum value of OHC is

probably due to the proximity of the floats to the coast of France,
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and in the Balearic Sea in autumn 2017 when a float was trapped in

the AW inflow through the Ibiza Channel as mentioned above,

generating the particularly low minimum of OSC.

4.1.2 Intermediate layer 150-700 m
In the intermediate 150-700 m layer, there is no seasonal cycle

in OHC or OSC variations (Figures 6, 7). Similar to the upper layer,

this layer is warmer and saltier in the EMed than in the WMed sub-

regions. The Levantine basin has the warmest and saltiest

intermediate layer of all sub-regions, with OHC and OSC mean

values of 32.93 GJ/m2 and 22.05 Mg/m2, respectively. Similar OSC

mean values are found in the Ionian, Cretan and Levantine sub-

regions which are zones of accumulation of LIW (Taillandier et al.,

2022). Inversely, the Alboran Sea has the freshest and coldest

intermediate layer, with means of OHC and OSC of 30.02 GJ/m2

and 21.81 Mg/m2, respectively. The intermediate layer is much

more stable than the upper layer especially for temperature

(Figures 6, 7) with standard deviations of the OHC time series

reduced by almost half in all sub-regions (except for the Levantine

basin), due to the absence of seasonal cycle.

The higher variability observed in the EMed sub-regions can be

related to the dynamics of the region combined with the impact of

Argo sampling. Indeed, as explained above, the high OHC and OSC

values observed by Argo floats can be explained by their location in

anticyclonic gyres such as the Mersa-Matruh gyre (Levantine basin)

in winter 2018 and throughout 2021, the lerapetra gyre (Cretan
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passage) in summer 2017 and autumn 2018, and the Pelops gyre

(Ionian Sea) in autumn 2019 (Supplementary Figure 2). In the same

way, the low values of observed OHC and OSC can be induced by

the position of the floats in cyclonic gyres such as the Cretan gyre

(Cretan Passage) in winter and spring 2018 and the Rhodes gyre

(Levantine basin) from autumn 2018 to spring 2019. In winter 2019,

the location of the floats along the edge of the gyre and close to the

northern coast of the Levantine basin associated with an increase in

OHC and OSC could suggest the observation of the convection

event reported by Taillandier et al. (2022). Through mixing of

surface and intermediate waters, heat and salt were brought at

intermediate depth forming LIW (Taillandier et al., 2022).

In the WMed, the presence of Argo floats in mesoscale

structures can also influence the variability estimation in the

intermediate layer. The lower OSC values observed in the

Alboran Sea in autumn 2020 and in the Algerian sub-basin in

spring 2018 might be explained by the detection of AW entrance in

the upper layer (section 4.1.1) and the location of the floats in the

sub-regional anticyclonic gyres (Escudier et al., 2016; Juza et al.,

2016) carrying surface fresh waters at intermediate depths. In the

Ligurian and Balearic Seas, the variability observed in the

intermediate layer is mainly driven by convection events

(Houpert et al., 2016; Testor et al., 2018). The Argo floats

observed the deep convection events of winters 2013 and 2018 in

the Ligurian Sea (also reported in Houpert et al., 2016; Testor et al.,

2018; Juza and Tintoré, 2021). They are characterized by OHC and
FIGURE 4

Medians of seasonal distributions of OHC (in GJ/m2) in the 10-150 m layer from 2013 to 2022 in the sub-regions of study: Alboran (A), Algerian (B),
Balearic (C), Ligurian (D), Tyrrhenian (E), Adriatic (F), Ionian (G), Cretan (H) and Levantine (I). The associated mean and standard deviation are
indicated. The shaded area represents the interval between the 17th and 83th percentiles of the seasonal distributions.
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OSC decreases at intermediate depths during winter and spring

(Figures 6, 7) due to the vertical mixing of the warm and saline LIW

with colder and fresher waters. Less important convections were

also observed in winter 2016, 2019 and 2021 with decreases in the

intermediate OHC and OSC. The impact of these convection events

is also observed in the Balearic Sea, due to its proximity to the

convection zone of the north WMed (Figures 6, 7). Also, an

intermediate convection event in spring 2015 was detected in this

sub-region associated with a decrease of OHC and OSC at

intermediate depth. Such variations might be explained by the

detection of Western Intermediate Water formed in the area as

observed by gliders in the Ibiza Channel (Juza et al., 2019).

The observed impact of mesoscale eddies and convection events

might explain the high correlations between OHC and OSC

variations in the intermediate layer of the Algerian (0.88), Balearic

(0.91), Ligurian (0.96), Ionian (0.91), Cretan (0.92) and Levantine

(0.95) sub-regions. The highest correlations are observed in the

Ligurian and Levantine sub-basins, where convection events were

observed by Argo floats, which suggests the importance of these

processes in the sub-regional variability. Moderate and low

correlations are found in the Alboran, Tyrrhenian and Adriatic Seas.

4.1.3 Deep layer 700-1500 m
The study of the deep layer is restricted to the Algerian, Balearic,

Ligurian, Tyrrhenian, Ionian and Levantine sub-regions where

enough data are available to build seasonal time series. As for the

intermediate layer, there is no seasonal cycle in OHC or OSC
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variations for the deep layer (Figures 8, 9). The EMed (Ionian and

Levantine sub-regions) is warmer and saltier on average than the

WMed sub-regions. In the deep layer, the Ionian Sea is the warmest

sub-region with a mean OHC value of 44.82 GJ/m2 while the

Balearic Sea is the coldest sub-region with a mean value of 42.68

GJ/m2. The Ionian Sea is also the saltiest sub-region with a mean

OSC value of 31.95 Mg/m2, while the lowest OSC values are found

in the Algerian, Balearic and Ligurian sub-regions with means

around 31.73 Mg/m2.

The deep layer is more stable than the above layers with low

standard deviation values. Contrary to the other layers, the standard

deviation of OHC time series is higher in the WMed than in the

EMed sub-regions. This is the result of deep convection events in

the northWMed, which drive the variability of the deep layer in this

area. Indeed, the deep convection events of 2013 and 2018 reaching

the seabed (Houpert et al., 2016) are well marked in the deep OHC

and OSC time series in the Ligurian Sea (Figures 8, 9). The heat and

salt inputs from LIW in the deep layer form the new Western

Mediterranean Deep Water (WMDW), which is saltier and denser

than the old WMDW. When flowing and reaching the bottom of

the Tyrrhenian Sea (Schroeder et al., 2016), the recently formed

WMDW meets the warmer and saltier Tyrrhenian resident deep

waters. This process leads to negative jumps in both OHC and OSC

in the deep layer of the Tyrrhenian basin and could explain the high

OHC standard deviation observed in the sub-region (Figures 8, 9).

In the Levantine basin, as for the intermediate layer, the high OHC

and OSC values observed in autumn 2017 and summer-autumn
FIGURE 5

(A-I) Same as Figure 4 for OSC (in Mg/m2) in the 10-150 m layer.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1416486
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Chevillard et al. 10.3389/fmars.2024.1416486
FIGURE 6

(A-I) Same as Figure 4 for OHC (in GJ/m2) in the 150-700 m layer.
FIGURE 7

(A-I) Same as Figure 4 for OSC (in Mg/m2) in the 150-700 m layer.
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2021 might be related to the position of the floats inside the Mersa-

Matruh anticyclonic gyre. Bringing heat and salt at both

intermediate and deep levels, such structure might play a role in

the future formation of intermediate and deep water masses

(Moutin and Prieur, 2012).

Finally, OHC and OSC variability in the deep layer is well

correlated in all sub-regions of the study. Correlations are higher in

the WMed (0.95, 0.93, 0.94 and 0.96 in the Algerian, Balearic,

Ligurian and Tyrrhenian, respectively) than in the EMed sub-

regions (0.86 and 0.72 for the Ionian and Levantine, respectively),

which suggests that OHC and OSC variations in the deep layer

highly coincide in areas influenced by deep convection.
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4.1.4 Spatial and vertical correlations
The spatial and vertical correlations of OHC and OSC are now

investigated through the computation of the correlations between

the different sub-regions in each layer (Figure 10) and between the

different layers in each sub-region.

In the upper layer, OHC variability is well correlated between the

different sub-regions, resulting from the marked seasonal cycle in all

sub-regions (Figure 4). Theminimum correlation for the upper OHC is

observed between the Alboran Sea and other sub-regions since the

dynamics of this region is highly influenced by the entries of AW. The

upper OHC tends to be more correlated between the WMed sub-

regions (excluding the Alboran Sea) with correlations varying between
FIGURE 8

Same as Figure 4 for OHC (in GJ/m2) in the 700-1500 m layer for in the sub-regions of study: Algerian (A), Balearic (B), Ligurian (C), Tyrrhenian (D),
Ionian (E) and Levantine (F).
FIGURE 9

(A-F) Same as Figure 8 for OSC (in Mg/m2) in the 700-1500 m layer.
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0.85 and 0.96 compared to the EMed sub-regions with correlations

varying between 0.59 and 0.80. This might be due to the very different

local dynamics from one sub-region to another in the EMed. Regarding

the upper OSC variability where no seasonal cycle is visible, there is no

correlation between sub-regions in both WMed and EMed. In the

intermediate layer, both OHC and OSC time series show a correlation

between the WMed sub-regions, with values varying between 0.63 and

0.83, and between 0.58 and 0.80, respectively, while correlation

coefficients are lower between the EMed sub-regions. In the deep

layer, the Algerian, Balearic and Ligurian sub-regions are also highly

correlated in both OHC and OSC variations, which is a result of the

extended deep convection events of the north WMed with correlations

varying between 0.76 and 0.95 for OHC, and 0.74 and 0.88 for OSC.

Contrary to the intermediate layer, there is no correlation between the

variability of the Tyrrhenian Sea and other WMed sub-regions for

OHC and OSC since deep convection events have opposite impacts -

increase and decrease - on OHC and OSC in the deep layer in the

Ligurian and Tyrrhenian Seas.

The vertical correlation of OHC and OSC time series shows that

for all sub-regions, the variability of the upper layer is not correlated

with the variability of the intermediate and deep layers (not shown).

This might be due to the strong spatio-temporal variability of the

upper layer associated with the effect of Argo sampling. However, the

intermediate and deep layers are highly correlated for both OHC and

OSC variability, especially in theWMed sub-regions with correlations

of 0.91, 0.96 and 0.85 in the Algerian, Balearic and Ligurian sub-

regions for OHC, respectively, and 0.91, 0.91 and 0.86 for OSC. This

vertical correlation is not as strong in the EMed sub-regions and

neither in the Tyrrhenian Sea, for the reasons explained previously.
4.2 Linear trends

The seasonal time series of OHCA and OSCA in the 10-150 m,

150-700 m and 700-1500 m layers in the different sub-regions show
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positive mean values in all sub-regions over the period 2013-2022

(not shown), meaning that the upper, intermediate and deep layers

of the Mediterranean Sea have been globally warmer and saltier

than over the reference period 1985-2018 which is used for the

climatology. In this section, the linear trends of OHCA and OSCA

in the three vertical layers and their associated uncertainties are

estimated from the seasonal Argo data in the Algerian, Balearic,

Ligurian, Tyrrhenian, Ionian and Levantine sub-regions. The

Alboran, Adriatic and Cretan sub-regions are discarded since

their associated time series are incomplete. In section 4.3, the

model reanalysis will be also used to compute the sampling error

on trend estimates. For this reason, the common period from winter

2013 to spring 2022 is used here. Results are summarized in Table 1.

4.2.1 Upper layer 10-150 m
In the upper layer, the observed OHCA and OSCA show different

trends in the WMed and in the EMed. As observed by Argo, the

upper layer of the WMed is warming at a rate of 0.84 ± 0.12 W/m2

with no significant trend in salinity, while the EMed shows a

decreasing rate in OHCA of -0.51 ± 0.10 W/m2 and a salinification

increase of 1.78 ± 0.23 kg/m2/y. The observed warming trends in the

Algerian, Balearic, Ligurian and Tyrrhenian Seas vary between 0.61 ±

0.18 and 0.99 ± 0.15 W/m2 (Table 1), respectively. The Ionian Sea

does not show a significant trend in upper OHCAwhile the Levantine

basin shows a negative trend, as detected by the Argo array. For the

upper OSCA, no significant trend is observed in the WMed sub-

regions except for the Algerian sub-basin, where a decreasing rate of

-1.64 ± 0.33 kg/m2/y is observed, which could be explained by entries

of AW (section 4.1.1). The strongest salinification rates of the upper

layer are observed in the Ionian and Levantine sub-regions, with

trends of 2.44 ± 0.12 and 1.44 ± 0.18 kg/m2/y, respectively.

4.2.2 Intermediate layer 150-700 m
The intermediate layer is clearly getting warmer and saltier over

the period 2013-2022 in all sub-regions, the WMed warming faster
FIGURE 10

Correlation coefficients between the OHC and OSC seasonal time series over the period 2013-2022 of the different sub-regions in the upper,
intermediate and deep layers. For each matrix, the lower part (below the diagonal) shows the correlation for OHC time series and the upper part
(above the diagonal) shows the correlations for OSC time series.
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than the EMed, with rates of 3.24 ± 0.08 and 1.81 ± 0.23 W/m2,

respectively. The observed salinification rates are also higher in the

WMed than in the EMed, with rates of 5.40 ± 0.20 and 4.93 ± 0.32

kg/m2/y, respectively. The Algerian, Balearic, Ligurian and

Tyrrhenian sub-basins show the highest increasing trends in

OHCA with values varying from 2.88 ± 0.12 to 3.64 ± 0.17 W/

m2, the maximum being reached in the Balearic Sea. The lowest

warming rates are observed in the Ionian Sea and Levantine sub-

basin with values of 1.55 ± 0.26 and 2.01 ± 0.26 W/m2, respectively.

Salinification rates in the intermediate layer are also higher in the

WMed sub-regions (except the Tyrrhenian Sea) than in the EMed

sub-regions (Ionian and Levantine), the maximum value of 6.36 ±

0.28 kg/m2/y being observed in the Balearic Sea.

4.2.3 Deep layer 700-1500 m
As for the intermediate layer, the observed Mediterranean deep

layer is globally getting warmer and saltier over the period 2013-

2022 in all sub-regions except the Tyrrhenian Sea. The observed

increasing trends in OHCA and OSCA are much higher in the

WMed than in the EMed, with sub-basin scale values of 1.62 ± 0.05

W/m2 and 4.00 ± 0.13 kg/m2/y, respectively. In the WMed sub-

regions, warming trends are detected by Argo in the deep Algerian,

Balearic and Ligurian sub-regions with values of 1.63 ± 0.21, 1.96 ±

0.15 and 1.74 ± 0.15W/m2, respectively, while there is no significant

trend in OHCA in the Tyrrhenian Sea which is very likely due to the

decreases in OHC generated by the inputs of new WMDW in the

region (section 4.1.3). In the EMed sub-regions (Ionian and
Frontiers in Marine Science 13
Levantine), the observed trends in OHCA increase at smaller

rates than in the WMed. Increasing trends in OSCA are observed

in the deep layer of all sub-regions (except in the Tyrrhenian Sea,

for the same reasons as for OHCA), with salinification rates twice

higher in the WMed sub-regions compared to the Ionian and

Levantine Seas, with the maximum value of 4.67 ± 0.13 kg/m2/y

reached in the Algerian sub-basin.
4.3 Impact of sampling

Data from reanalysis are used to estimate the sampling error of

the Argo array (section 3.4). Model-observation comparisons show

good model skills for this study. The values of seasonal OHC and

OSC obtained from the sub-sampled model are relatively in

agreement with the results obtained from Argo data. More

precisely, the sub-regional RMSEs between Argo and sub-sampled

model data are low in the upper, intermediate and deep layers,

ranging over 0.04-0.10, 0.03-0.13 and 0.03-0.08 GJ/m2 for OHC,

respectively, and 0.001-0.021, 0.002-0.006 and 0.003-0.007 Mg/m2

for OSC, respectively. Good agreement is also observed for the trend

estimations in OHC and OSC anomalies within the three layers of

study over the period 2013-2022 in both the western and eastern

Mediterranean sub-basins (Supplementary Table 1).

In this section, the sampling error impact on OHC and OSC

estimations and variability is thus evaluated by comparing the full-

sampled and sub-sampled model data (section 3.4). Figures 11, 12

provide illustrations in the sub-regions where the sampling error is

the highest. For the intermediate and deep layers, sampling errors

are illustrated for OHC times series only (Figure 12) since the OHC

and OSC variability is correlated in these layers (section 4.1) and the

sampling errors have globally the same impacts on OHC and OSC

in a given sub-region.

4.3.1 Seasonal variability
In the upper layer, the seasonal cycle of OHC is well captured by

the Argo array in all sub-regions (Figures 11A–C). The associated

sub-regional MEs tend to be negative except in the Cretan passage,

meaning that the Argo sampling tends to underestimate OHC

(Table 2, Figures 11A–C). The opposite is observed for OSC with

positive MEs in all sub-regions except in the Levantine sub-basin

(Table 2, Figures 11D–F). This tendency to underestimate OHC and

overestimate OSC in the upper layer remains small since these errors

correspond to 0.1 to 2.8% and 0.04 to 0.5%, respectively, of the sub-

regional mean OHC and OSC values. This impact is more

pronounced in the Alboran and Ionian Seas (Figures 11A, C, D, F).

MEs in OHC and OSC are high in the Ionian Sea with values of -0.27

GJ/m2 and 0.02 Mg/m2, respectively, where the sampling error

introduces a rather constant bias (Figures 11C, F) due to the

concentration of profiles in the northern part of the region

(Supplementary Figure 2) which is colder and saltier at the surface

on a yearly average compared to the rest of the sub-region. By

considering the square of the error, the RMSE gives additional

information on where the sampling error is the highest, either

positive or negative. For OHC, RMSE is high in the Alboran,

Ionian, Cretan and Levantine sub-regions (Table 2) (Figures 11B,
TABLE 1 Linear trends in OHCA (in W/m2) and OSCA (in kg/m2/y) from
winter 2013 to spring 2022 with associated confidence intervals at 95%
in the different sub-regions as computed from Argo data.

OHCA 10-150m 150-700m 700-1500m

WMed 0.84 ± 0.12 3.24 ± 0.08 1.62 ± 0.05

EMed -0.51 ± 0.10 1.81 ± 0.23 0.30 ± 0.07

Alg 0.99 ± 0.15 3.25 ± 0.10 1.63 ± 0.05

Bal 0.61 ± 0.18 3.64 ± 0.17 1.96 ± 0.05

Lig 0.71 ± 0.10 2.97 ± 0.14 1.74 ± 0.08

Tyr 0.65 ± 0.14 2.88 ± 0.12 NS

Ion NS 1.55 ± 0.26 0.29 ± 0.13

Lev -0.77 ± 0.12 2.01 ± 0.26 0.34 ± 0.07

OSCA 10-150m 150-700m 700-1500m

WMed NS 5.40 ± 0.20 4.00 ± 0.13

EMed 1.78 ± 0.23 4.93 ± 0.32 1.33 ± 0.18

Alg -1.64 ± 0.33 5.70 ± 0.30 4.67 ± 0.13

Bal NS 6.36 ± 0.28 4.08 ± 0.28

Lig NS 5.45 ± 0.21 4.60 ± 0.17

Tyr NS 3.01 ± 0.57 NS

Ion 2.44 ± 0.12 5.04 ± 0.43 2.04 ± 0.24

Lev 1.44 ± 0.18 4.65 ± 0.47 1.20 ± 0.16
NS is not significant.
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C). In the case of the Alboran and Cretan sub-regions, the sampling

leads to an increase of the standard deviations of OHC time series of

39 and 14%, respectively. However, in the Ionian and Levantine Seas,

RMSE is high due to the bias introduced by the sampling but the

variability is not affected (Figures 11B, C). For OSC, the observed

RMSE is high in the Alboran, Balearic, Ionian and Cretan sub-regions

(Table 2, Figures 11D, F), with standard deviations being multiplied

by 3 in the Balearic Sea and Cretan passage, due to the sampling of

AW entries andmesoscale structures, respectively (section 4.1). In the

intermediate layer, the sub-regional MEs tend to be negative in OHC

and OSC (Table 2), which means that the Argo sampling leads to

slight underestimations of OHC and OSC, reaching at maximum
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0.4% and 0.05% of the sub-regional mean values, respectively, both

maxima being reached in the Tyrrhenian Sea (Figure 12B). The

impact of sampling on OHC and OSC variations is important in this

layer, with high RMSE observed in the Ionian, Cretan and Levantine

sub-regions for OHC and in the Tyrrhenian, Cretan and Levantine

for OSC (Table 2). The standard deviation of OHC and OSC time

series is increased by a factor 5 and 2, respectively, in the Levantine

(Figure 12C), due to the detection of gyres (section 4.1.2). Finally, in

the deep layer, MEs oscillate between positive and negative values and

there is no clear overestimation or underestimation due to the

sampling (Table 2). However, the Argo sampling has an impact on

variability and extreme values with high RMSE observed in both
FIGURE 11

Seasonal 10-150 m OHC (in GJ/m2, A-C) and OSC (in Mg/m2, D-F) estimations from the fully-sampled (blue) and sub-sampled as Argo (magenta)
model in the Alboran (A, D), Levantine (B, E) and Ionian (C, F) sub-regions.
FIGURE 12

Same as Figure 11 for OHC within in the 150-700 m layer in the Algerian, Ligurian and Levantine sub-regions (A-C) and within the 700-1500 m layer
in the Algerian, Ligurian and Tyrrhenian sub-regions (D-F).
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OHC and OSC in the Tyrrhenian and Ionian seas (Table 2,

Figures 12E, F). This leads to increases of OHC and OSC standard

deviations of 80% and 38% in the Ionian Sea, respectively, and by a

factor 3 for both OHC and OSC in the Tyrrhenian Sea (Figure 12F)

probably due to the detection of new WMDW (section 4.1.3).

4.3.2 Trend estimates
In this section, the impact of Argo sampling on trend estimates

is evaluated by analyzing the sampling error in OHCA and OSCA

trends (d , Table 2). In the upper layer, the absolute value of

the sampling error on warming trends varies from 0.02 W/m2 in

the Algerian sub-basin to 0.70 W/m2 in the Levantine basin, where

the sampling error represents 91% of the trend estimate from Argo

(Table 1). For salinification trends, the sampling error varies from

-0.08 kg/m2/y in the Algerian sub-basin to 1.10 kg/m2/y in the

Ionian Sea, representing 45% of the trend estimation in this sub-

region. In the intermediate layer, the sampling errors on warming

trends in the different sub-regions oscillate between 2% in the

Ligurian Sea to 22% in the Levantine basin. For salinification trends,

the sampling errors are lower than 14% except in the Tyrrhenian

Sea where the error reaches 40% of the trend estimate. These results

show that Argo captured most of the sub-regional trends well in the

intermediate layer. Finally, in the deep layer, the Argo sampling has
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the strongest impact in the Ionian Sea. In this sub-region, the error

reaches -0.41 W/m2 and -0.78 kg/m2/y for OHCA and OSCA,

representing 141% and 38% of the trend estimates, respectively. The

lowest errors on OHCA and OSCA trends are observed in the

Ligurian basin and Balearic Sea, respectively, where the error

represents 4% and 0.25% of the trend estimates, respectively.
5 Discussions and conclusions

5.1 Argo observing capability

In this study, the capacity of the Argo floats network to estimate

OHC and OSC variability over the period 2013-2022 in the

Mediterranean Sea has been assessed at sub-regional scale from

seasonal to interannual timescales.

5.1.1 Seasonal variability
The observed OHC and OSC are larger in the EMed than in the

WMed in all layers in agreement with recent studies (Aydogdu

et al., 2023; Kubin et al., 2023). The observed OHC and OSC

variability is higher in the upper layer than in the intermediate and

deep layers, which are more stable. The upper layer variability is
TABLE 2 Upper table: ME (left number) and RMSE (right number) between the sub-sampled and full-sampled models in seasonal OHC (in GJ/m2) and
OSC (in Mg/m2) within the layers 10-150 m, 150-700 m and 700-1500 m from winter 2013 to spring 2022 in the sub-regions of study.

eOHC (ME/RMSE) eOSC(ME/RMSE)

10-150m 150-700m 700-1500m 10-150m 150-700m 700-1500m

Alb. -0.11/0.29 -0.02/0.10 – 0.027/0.064 -0.003/0.015 –

Alg. -0.08/0.13 -0.01/0.11 -0.01/0.04 0.012/0.019 -0.002/0.008 -0.002/0.003

Bal. -0.04/0.23 0.002/0.11 -0.02/0.04 0.000/0.020 0.004/0.008 -0.003/0.005

Lig. -0.04/0.18 -0.08/0.20 -0.02/0.08 0.005/0.009 -0.003/0.010 -0.002/0.005

Tyr. -0.09/0.15 -0.12/0.18 0.06/0.19 0.010/0.014 -0.010/0.018 0.001/0.011

Adr. -0.04/0.14 -0.13/0.16 – 0.004/0.004 -0.001/0.003 –

Ion. -0.27/0.34 -0.07/0.26 0.03/0.12 0.024/0.028 0.003/0.014 -0.002/0.007

Cre. 0.01/0.28 0.05/0.42 – 0.002/0.021 -0.001/0.016 –

Lev. -0.18/0.40 0.04/0.72 -0.02/0.06 -0.002/0.007 0.003/0.026 -0.005/0.006

dOHCA dOSCA

10-150m 150-700m 700-1500m 10-150m 150-700m 700-1500m

WMed 0.02 0.26 0.26 -0.03 -0.24 0.47

EMed -0.56 0.23 -0.24 0.06 0.23 -0.53

Alg. 0.02 0.34 0.16 -0.08 -0.33 0.51

Bal. -0.16 0.24 0.09 – 0.09 0.01

Lig. 0.06 0.06 0.07 – 0.55 0.47

Tyr. -0.10 0.09 – – -2.00 –

Ion. – 0.06 -0.41 1.10 0.36 -0.78

Lev. -0.70 0.45 -0.11 0.15 0.64 -0.02
Lower table: sampling error on trend estimates on OHCA (in W/m2) and OSCA (in kg/m2/y) in the different layers and sub-regions of study.
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driven by atmospheric forcings and local dynamics while the

underlying layers are mainly influenced by convection events and

mesoscale structures. These two latter seem to play an important

role in the vertical and spatial connection of the sub-regions of the

Mediterranean Sea, since the variability of the intermediate and

deep layers is well correlated in sub-regions concerned by these

processes (Algerian, Balearic, Ligurian and Levantine sub-basins).

Also, a high correlation between OHC and OSC within these layers

is observed in the WMed sub-regions resulting from the deep

convection events that bring heat and salt at depth.

Although the sampling of the Argo network leads to slight

underestimations of OHC and overestimations of OSC in the upper

layer, the values and variability of OHC and OSC are well observed

at sub-regional scale by the Argo array. The impact of sampling

rather concerns the extreme values of the time series observed by

Argo and depends more on the spatio-temporal distribution of

profiles than on their number, due to the sub-regional dynamics.

The highest sampling errors are thus observed in the intermediate

layer of EMed sub-regions for OHC due to the detection of

mesoscale structures, and in the upper layer of the Alboran Sea

for OSC due to the detection of AW entries. The spatial scale of the

sub-regional dynamics might also influence the sampling error

since higher RMSE are observed in the intermediate layer of the

EMed compared to the WMed, mainly because of the detection of

local mesoscale structures (section 4.1.2). Due to the higher stability

of the deep ocean, the sampling error is lower in the deep layer of

most sub-regions but the detection of events can induce high

increases of variability, like in the Tyrrhenian Sea. Finally, the

sampling error is higher in the EMed than in the WMed for almost

all layers and sub-regions, except for upper salinity in the Alboran

Sea and the deep layer of the Tyrrhenian Sea. The sampling error

thus tends to overestimate OHC and OSC variability in the EMed. A

more precise division of this area may be recommendable, under

the condition to have enough profiles available, highlighting the

need for a further deployment of Argo in these sub-regions of the

Mediterranean Sea.

5.1.2 Trend estimation
Considering the anomalies of OHC and OSC for the

computation of trends has allowed removing the seasonal cycle

and reducing the impact of Argo sampling, which is particularly

relevant in the surface layer. Results highlight opposite tendencies

of OHCA and OSCA in the upper layer in the WMed and EMed

over the period 2013-2022: the WMed is getting warmer with no

significant trend observed in salinity while the EMed is clearly

getting saltier with no apparent warming trend. Thus, the increasing

upper salinity in the EMed may be not only caused by upper

warming but also by decreases in river runoff and/or precipitation

(Skliris et al., 2018). These results are also in agreement with the

higher SST trends observed in the WMed than in the EMed over the

same period (not shown). The intermediate layer is getting warmer

and saltier over 2013-2022 in both the WMed and EMed, at higher

rates than in other layers, which confirms that the intermediate

layer is particularly affected by the warming and salinification of the

Mediterranean Sea (Schroeder et al., 2016, 2017). The high
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salinification rate of the intermediate layer might be related to the

observed upper salinification of the Levantine sub-basin, which

favors the formation of saltier intermediate waters through the

sinking of surface waters. The intermediate layer of WMed sub-

regions (Algerian, Balearic and Ligurian) is particularly affected by

these changes with higher warming and salinification trends than in

the upper layer. These changes could modify the stratification and

affect the formation of deep water masses as they contribute to the

warming and salinification of the deep layer of the WMed over the

period of study through deep convection processes (Houpert et al.,

2016; Schroeder et al., 2016; Margirier et al., 2020). So, although the

WMed holds less OHC and OSC than the EMed, its intermediate

and deep layers are clearly getting warmer and saltier more rapidly

over the period 2013-2022. Such changes might have significant

consequences on the Mediterranean OutflowWater (MOW), whose

properties are fundamental in modulating the global ocean

circulation and climate pattern. The increase in salt observed in

the deep layer of the WMed leads to a density increase of water

masses feeding MOW, which might potentially shift its equilibrium

depth in the North Atlantic to deeper levels (Candela, 2001).

In the upper layer, the highest sampling errors on OHCA trends

are found in the EMed and Levantine Sea, where the sampling

errors reach more than 90% of the associated trend estimates. The

Argo floats were able to retrace the linear trends of OHCA and

OSCA pretty well in the intermediate layer in all sub-regions, except

for the salinity trend in the Tyrrhenian Sea. Although the deep layer

is rather stable (section 4.1.3), the sampling error on trend

estimations is important in the EMed and its sub-regions, which

might be linked to the lack of Argo observations at depth in this part

of the Mediterranean Sea. Again, this result confirms the need for a

further deployment of Argo in the EMed.

5.1.3 Main outcomes
The Argo network enables a robust evaluation of the OHC and

OSC seasonal variability and annual trends from surface to depth at

sub-regional scale in the Mediterranean Sea over the period 2013-

2022. The use of a non-interpolated product of profiles allows

identifying strong variations associated with sub-regional or local

events and at the same time estimating the associated error induced

by Argo array sampling since the location of the floats is known. In

addition, the agreement of the trends with literature shows that the

impact of local events like mesoscale circulation features or

intermittent convection events has been taken into account

without being overestimated. Therefore, the method proposed in

this study has the advantage of taking into consideration ocean

processes that might be underestimated in interpolated products,

and contributing to a better understanding of the ocean dynamics

and variability in the context of climate change.
5.2 Sampling limitations

Given the Argo observing capacity in the Mediterranean Sea as

described in section 2, this study provides estimations on the sub-

regional OHC and OSC variability within vertical layers from 10 to
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1500 m over the period 2013-2022. The impacts of such limitations

are now investigated using ensemble products and model outputs.

The OHCA trend computed from the Argo array in the 10-700

m layer over the whole Mediterranean Sea over the period 2013-

2022 (3.40 ± 0.80 W/m2) is in accordance with estimations from

Kubin et al. (2023) in the 5-700 m layer over the period 2005-2020

(3.59 ± 1.02 W/m2). However, combining observing and modeling

products, the E.U Copernicus Marine Service Information estimates

a warming rate of 1.4 ± 0.3 W/m2 in the 0-700 m layer of the

Mediterranean Sea over the period 1993-2019 (von Schuckmann

et al., 2020), with a sharp increase of the trend after 2005 with

respect to the previous decade, as observed by Iona et al. (2018).

Regarding trends in salinity, the Argo array observed an increase of

0.008 ± 0.0003 psu/y in the 10-300 m of the Mediterranean Sea over

the period 2013-2022, which is 30% higher than the trend obtained

from the Copernicus Marine Service reanalysis for the 0-300m over

the period 1993-2019 with a value of 0.006 ± 0.0004 psu/y

(Aydogdu et al., 2023). As for warming trends, the period of

study might explain the higher trends observed by the Argo array

in this study (along with the use of different data, processing

methods and layer’s limits). Schroeder et al. (2017) and Placenti

et al. (2022) also showed that the warming and salinification trends

of the intermediate layer in the Sicily Channel, which is the

transition zone of intermediate waters, had been accelerating in

recent decades. This could explain the higher warming rate

observed by Argo in the 150-700 m layer of the whole

Mediterranean Sea (0.041 °C/y and 0.009 psu/y) compared to the

LIW warming rate observed by Fedele et al. (2022) over the period

2001-2019 (0.022°C/y and 0.006 psu/y). Computations from the

full-sampled model used in this study over the periods 1993-2022

and 2013-2022 confirm this result (Supplementary Table 1). In the

WMed, the warming and salinification trends are 2.6 to 3.8 times

larger in the upper, intermediate and deep layers of the WMed

(except for upper salinity) over the last decade compared to the

period 1993-2022, the highest increase being in the warming rate of

the intermediate layer. In the EMed, where the observed increase of

trends over the last decade is lower than in the WMed, the impact

of the period of study mostly affects the deep layer where warming

and salinification trends over 2013-2022 are 1.9 and 2.5 larger

compared to 1993-2022, respectively. The differences of warming

and salinification trends between the three different decades 1993-

2002, 2003-2012 and 2013-2022 compared to the whole period

1993-2022 and between the WMed and EMed confirm the non-

negligible impact of the period and area of study on trends

computations in the Mediterranean Sea (Supplementary Table 1).

Because of the vertical sampling of the Argo array, trends in the

upper 0-10 m and the layer below 1500 m have not been estimated

using the Argo data. Trends computed from the full-sampled model in

the 0-150 m and 10-150 m layers over the period 2013-2022 show an

underestimation of 7% of the warming trend in the WMed when

removing the upper 10 m and no significant trend in upper OHCA in

the EMed. Trend comparisons also show an underestimation of 5% for

the salinification trend in the EMed and no significant trend in upper

salinity in the WMed. At depth, estimations from the full-sampled
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model show that the warming and salinification trends in the 700-1500

m of the WMed (1.43 ± 0.03 W/m2 and 3.26 ± 0.10 kg/m2/y,

respectively) seem to propagate deeper since warming and

salinification trends are also detected from 1500 m to the bottom of

the WMed (0.46 ± 0.02 W/m2 and 2.03 ± 0.11 kg/m2/y, respectively).

These results show that an increased sampling of the deep ocean by the

Argo network could improve the understanding of the changes in the

whole water column of the Mediterranean Sea.

Finally, Argo floats mainly observe the open ocean leaving the

coastal shallow waters poorly sampled (Figure 2A). The deployment of

coastal profiling floats (Kassis et al., 2021) would reinforce the ocean

monitoring program in coastal areas which are of major interest for

climate change assessment with crucial socio-economic implications

(e.g. UNEP/MAP and Plan Bleu, 2020; Smith et al., 2021; CoastPredict

programme as a contribution to the UN Decade of Oceans).
5.3 Perspectives

This study has contributed to estimate the variability of key ocean

monitoring indicators, which are considered essential for climate

change assessment by the international community (e.g. Copernicus

Marine Service, Global Ocean Observing System, Intergovernmental

Panel for Climate Change). The datasets and methodology used in this

study could be implemented in operational applications for monitoring

and visualization of ocean indicators (Juza and Tintoré, 2020). This

easy-to-implement and cost-efficient approach could also be easily

extended to other relevant derived variables (e.g. stratification, mixed

layer and water masses’ properties) and applied to any regions of the

global ocean. Similarly, the combined analyses of physical and

biogeochemical data from Argo floats could help to understand the

connection between the dynamics of the Mediterranean sub-regions

and the impact of the observed physical changes on the biogeochemical

ocean properties. BGC Argo floats have been deployed since 2012 in

the Mediterranean Sea and have performed 30.463 cycles (all data

modes and QC included) over the period 2013-2022, including 10.460

and 16.176 containing chlorophyll concentration and dissolved oxygen

data, respectively, among other variables. These numbers are less than

half the number of (P, T, S) profiles performed by Argo over the same

period (65.523 cycles, all data modes and QC included), which

supports the need for a further deployment of BGC Argo floats in

the region. Such a monitoring program joined to Deep Argo, which is

an expansion of Argo’s capabilities to depths up to 6000m, would allow

addressing the impact of the observed changes on abyssal ecosystems

and on the carbon cycle which are crucial for the equilibrium of the

whole region (Danovaro et al., 2001; Herrmann et al., 2014).

Regarding the methodology, if errors related to systematic

instrumental biases are considered to be removed with the

selection of DMQC profiles, the errors caused by measurement

noise are not taken into account and their quantifications could

improve the precision of the results. Also, although the error of

climatology is decreased in the present method (no filling gap

processes using climatology products is performed as done in some

interpolated products), it might affect the computation of OHCA
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and OSCA time series. Sensitivity tests to various climatology

datasets could help to quantify the contributions of climatology

errors. Finally, the reanalysis product assimilates Argo data, which

might influence the results obtained on the sampling error.

Although its own dynamics allow its use to assess the Argo

sampling, it could be interesting to apply the methodology to a

free run simulation, being a totally independent source of data for

estimating the impact of Argo sampling.

Finally, this study provides information on the ability of the Argo

network to evaluate key ocean indicators at sub-regional scale. Results

support the need to maintain the Mediterranean Argo network at least

with its present spatial and temporal coverage to better understand the

influence of sub-regional dynamics in the region, which is crucial for

climate studies. Such work can also help to understand the future needs

of the Argo community in the Mediterranean Sea, and supports the

development of coastal and deep Argo data. The proposed approach

also benefits the international community (e.g. Global Ocean

Observing System, Global Climate Observing System and United

Nations Framework Convention on Climate Change) by

contributing to the evaluation of the needs for future monitoring of

long-term ocean trends and climate change assessment.
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